Abstract. We investigate the initial state geometric quantities of heavy ion collisions based on the quark participant assumption in the Glauber multiple scattering approach. A systematic comparison to the nucleon participant assumption has been presented and confronted with the charged multiplicity measurements in various collision systems. It is found that the quark participant based assumption can be important to understand the data in multiplicity production and the initial spatial eccentricity in small systems.
Introduction
The concept of wounded nucleon for particle production has been formulated and widely applied to describe particle production from nuclear targets for many years [1, 2, 3] . A wounded nucleon is a nucleon participant involved in the nuclear inelastic collisions. In high energy collisions on a nuclear target, it is assumed that the target nucleus is rather transparent, so that the incoming projectile constituents can independently make many successive collisions while passing through the nucleus. The inelastic collisions of two nuclei can thus be described as an incoherent composition of the collisions between individual constituents of the colliding nuclei.
The application of the wounded nucleon concept in nuclear collisions leads to the prediction that the multiplicity production should be proportional to the number of participant nucleons in the collision. The empirical results of first accelerator measurements [4] bring us the observational foundation of the so called wounded nucleon model (WNM) [1] . On the other hand, the data obtained at RHIC indicate that the WNM works for the total multiplicity but fails in the description of the multiplicity density per participant pair at mid-rapidity as a function of collision centrality [5] . The most common explanation for this failure a e-mail: zhengl@mails.ccnu.edu.cn b e-mail: zbyin@mail.ccnu.edu.cn involves particle production in hard processes. A two component model [6] has been introduced to explain this centrality dependence, while the energy dependence of the relative contributions arising from soft and hard processes is still difficult to reconcile [7] .
The idea of wounded quarks as a generalization of the wounded source in WNM proposed in [2] can reasonably describe the mid-rapidity charged hadron density without need to incorporate the hard scattering component. In the wounded quark picture, heavy ion collisions are effectively modeled by the elementary reactions between the participating quark constituents of every nucleon from the projectile and target nucleus. This approach has been further applied to study the charged hadron density, total multiplicity [8, 9, 10, 11] , multiplicity fluctuation [12] , transverse energy distribution [13, 14] and strangeness enhancement [15] in a large variety of center of mass energy and collision systems.
In this work, we will show a systematic study when interpreting the collisions by replacing the original elementary nucleon-nucleon reactions with the quark-quark reactions from those nucleons. This paper is organized as follows: we give a systematic study on the quark participant model in sec. 2 and confront the model with the multiplicity production data in various collision systems in sec. 3. The applicability of this model and its impact on the understanding of initial states in heavy ion collisions will be discussed in sec. 4. In the end, we summarize in sec. 5.
Quark participants model systematics
A standard Monte Carlo Glauber calculation [16, 17] is performed to obtain the mean number of the nucleon and quark participants inside a nucleus. We assemble the nucleus by sampling the initial positions of the nucleons inside the nucleus based on a threeparameter Fermi (3pF) distribution
in which R gives the radial position of a nucleon, ρ 0 represents the nucleon density in a nucleus, R 0 is the nuclear radius, d is the skin depth and w shows the deviations from a spherical shape. Following the procedure suggested in [13, 14] , three quarks are then sampled with an empirical functional form in the radial direction:
where r shows the distance of a quark to its parent nucleon center obtained from Eq. 1. When the positions of three quarks are determined, we shift the center of mass of the three quark system back to the coordinate of the nucleon. The empirical function chosen above is supposed to correct the shift effect to guarantee the quark radial distribution reproduces the Fourier transform of the form factor of proton [18] :
where a = √ 12/r m = 4.27fm −1 and the RMS charge radius of proton r m = 0.81fm. Assigned with a relative displacement according to the impact parameter, one elementary reaction happens between the participants when their distance d in the transverse plane satisfies the criteria:
σ inel represents the energy dependent elementary cross section between the two colliding constituents. The nucleon-nucleon inelastic cross section σ N N inel can be estimated by interpolation of pp data at a wide range of center-of-mass energy and subtracting the elastic cross section from the total cross section, as shown in Fig. 1 . The inelastic quark-quark cross section σ Total and elastic cross section parameterizations are from PDG data [19] , which have also been used in [20] . The interpolated inelastic cross section agrees reasonably with the inelastic cross section measurements from RHIC [21] and LHC [20] . With the convolution of quark-quark cross section and nucleon-nucleon cross section defined above, one can estimate the mean number of quark participants and collisions in the pp collisions dependent on the quark-quark inelastic cross section, which can be found in Fig of pp collisions, the quark participant number over the number of binary collision is around two at very small σinel . As energy increases, the growth of quarkquark cross section makes it possible to have more than one collision on one projectile, thus the ratio of N part /N coll becomes less than two for large σ It is also noticed that the number of binary collisions experienced per participant scale with the length of the interaction volume along the projectile moving direction l z ∝ N 1/3 part so that we expect the geometric scaling N coll ∝ N 4/3 part , which has been shown in Fig. 5 for both nucleon and quark participants.
Relating quark participant assumptions to multiplicity measurements
It is believed that charged particle multiplicity densities near mid-rapidity in high energy nuclear collisions scale with the number of participant pairs involved in the collisions. We have carried out the study for the dependence of the charged multiplicity on N part in nucleon-nucleon collision framework and quark-quark collision framework.
It is shown in Fig. 6 that, the charged particle densities for heavy ions and pp or pp are splitting when scaled with the number of nucleon participants, while that scaled by the number of quark participants is following the same trend. It implies that the elementary reactions between participants can be better described by the quark constituents. As shown in Fig. 7(a) , the charged particle density per participant pair grows from peripheral collisions to central [26] . The heavy ion results on dN/dη for PbPb, AuAu and CuCu come from the Ref. [7, 5] .
[GeV] collisions especially taking the pp extrapolated points into consideration, when normalized by the nucleon participants. The significant growth in charged density clearly deviates from wounded nucleon model assumption. Inspired by the two component model [6] , the centrality dependence has often been interpreted by a combination of particle production from soft and hard processes. On the other hand, the charged density is showing the same shape versus N part as varied in a wide range of energy scale ranging from 7.7 GeV to 2760 GeV when the hard scattering cross section changes more than a factor of twenty [27] . This observation leads to an argument that the hard scattering component can hardly be responsible for the nuclear geometrical effect. Whereas one observes a slightly varying density when scaled by the quark participant number in Fig. 7(b) , except the low energy data points. This suggests the charged particle density in high energy collisions is approximately proportional to the number of quark participants and reconciles the explanation with hard scattering component. The total multiplicity, N ch tot , for different collision systems at √ s N N = 200 GeV is shown in Fig. 8 by integrating the charged density measurement over the full rapidity range. The noticeable difference between the small collision systems including the pp and dAu values compared to AuAu values shown in Fig. 8(a) is another argument against the nucleon participant picture. The "leading particle effect" meaning the leading protons take away half the pp center of mass energy missing from the multiplicity production has to be introduced to explain such a difference. Nevertheless, in the quark participant framework, the significant difference between pp/dAu collisions and CuCu/AuAu collisions has been partially removed as indicated by Fig. 8(b) . The total multiplicity scaled by quark participant numbers for different collision systems are to some extent around the same level. One can connect this consistency of multiplicity production to the underlying quark constituent picture. Also, this observation might shed some light on a CuCu and AuAu data are listed in [5] .
different explanation to the "leading particle effect" when comparing the pp and e + e − data [28] . In this framework, the missing energy taken away by the leading protons is incorporated by the spectator quarks which are not involved in the reaction.
Impact of quark participants assumption on the initial states in heavy ion collisions
The wounded nucleon model based on the Glauber Monte Carlo approach naturally incorporates the statistical spatial fluctuation of the collision geometry in heavy ion collisions on the event-by-event basis. Therefore, the wounded nucleon model and its extensions have been used as an important tool to simulate the initial states for the evolution in heavy ion collisions. It is then worthwhile to see the impact of replacing the nucleon participants with the quark participants on the initial states of heavy ion collisions.
It is believed that the bulk and jet contribution are related to the number of participant N part and the number of binary collisions N coll , respectively. The nuclear effect is usually extracted by studying the ratio of the same measurements from AA collisions and pp collisions after normalized by N part or N coll in each collision centrality class. We present the N part (N coll ) from AA collisions normalized by that from pp collisions in Fig. 9 . One can observe that pp normalized N part in quark participant picture is around a factor of 2 of that in the wounded nucleon picture in the most central collisions.
The centrality dependence of the impact from quark framework can be better visualized in Fig. 10 , in which we make a double ratio of the pp normalized N part (Fig. 10(a) ) and N coll (Fig. 10(b) ) between that from quark and nucleon participants. If the double ratio value is around unity, we expect no modification in the related measurements when switching from the nucleon picture to quark picture. And this is exactly the case for N part in peripheral collisions and N coll in central collisions.
A pronounced system size dependence can be observed in the N part distribution shown by Fig. 10(a) . From pAu, CuCu to AuAu collisions, we observe stronger enhancement for larger collision systems and all three curves converge to unity in very peripheral collisions. The impact from this feature has been shown in the multiplicity measurements in Sec. 3. On the other hand, little system size dependence can be found in the N coll distribution shown in Fig. 10(b) . A 30% deviation from unity can be found in the peripheral collisions for all systems, thereby introducing a small modification to the description of hard processes related measurements like nuclear modification factor.
It has been studied in [29, 30] that the underlying nucleon profile is important for the initial geometry states used in hydrodynamic calculations. The quark participant picture used in our work can also be interpreted as a way to effectively model the sub-structure and fluctuation of the nucleon objects. Inspired by these discussions, we investigated the participant eccentricity defined as:
in which x and y determine coordinates of participating constituents in the transverse plane. The magnitude of this effect on the participant eccentricity and its fluctuation has been shown in Fig. 11 , with quark participant eccentricity divided by nucleon participant eccentricity. We observe in Fig. 11 (a) that ǫ in pPb and pAu collisions is quite sensitive to the introduction of sub-nucleon constituents, as the ratio shows around 60% deviation from unity in the most central collisions, while AuAu exhibit slight variation to the quark participant mechanism. This feature can be understood as the nucleon-nucleon distance scale is much larger than the sub-nucleon length scale. The contribution of quark participants from the initial spatial geometry can only be observed when one of the colliding objects is a proton so that the initial collision geometry size is constrained to a level around the sub-nucleon scale. The effect of quark participant assumption on eccentricity fluctuation in Fig. 11(b) is found to be significant for small systems including pAu and pPb in the most peripheral collisions. This observation indicates that sub-nucleon spatial fluctuation plays an important role when the involved nucleon participant number is very small.
Summary
A systematic study of the geometric quantities from the quark participant based Glauber model has been presented in this work. The geometric scaling behavior of N coll ∝ N 4/3 part can be observed in the quark participant model similar to that in the wounded nucleon assumptions which is required by the eikonal approximation in Glauber multiple scattering approach. It means that the quark participant formalism is a selfconsistent approach to describe nuclear inelastic collisions. The multiplicity production has been examined in the quark participant model. A scaling like behavior of multiplicity production dependent on the number of quark participants can be found when confronted with the experimental data. We have also shown that the initial collision geometry is sensitive to the sub-nucleon structure with the application of quark participant approach. Initial state eccentricity of heavy ion collisions driving the magnitude of azimuthal flow coefficient from wounded quark assumption significantly deviates from that based on wounded nucleon assumption especially for small systems in central collisions. It is necessary to take this scale variation into regards when extracting the shear viscosity for pA collisions, as it is observed in [31, 32] that pPb collisions are found to be very sensitive to sub-nucleon scale fluctuations.
The idea of quark participants introduces a mechanism to describe the geometry fluctuations inside the nucleon, which may shed some light on the explanation of elliptic anisotropies recently observed in the high multiplicity, high energy pp collision events [33] . The usage of quark participant assumption can be helpful in the analysis of small system when initial state fluctuations become important.
